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OPTICAL PROXIMITY SENSORS USING
ECHO CANCELLATION TECHNIQUES TO
DETECT ONE OR MORE OBJECTS

PRIORITY CLAIM

This application claims priority under 35 U.S.C. 119(e) to
U.S. Provisional Patent Application No. 61/598,690, entitled
OPTICAL PROXIMITY SENSORS USING ECHO CAN-
CELLATION TECHNIQUES TO DETECT OBIJECTS, filed

Feb. 14, 2012, which is incorporated herein by reference.

RELATED APPLICATION

This application 1s related to commonly assigned U.S.

patent application Ser. No. 13/360,168, entitled OPTICAL
PROXIMITY SENSORS WITH OFFSET COMPENSA-

TION, filed Jan. 27, 2012, which 1s incorporated herein by
reference.

BACKGROUND

Optical sensors, such as optical proximity sensors, typi-
cally include a light source and an adjacent photosensitive
light detector. Such optical sensors can be used to detect the
presence ol an object, estimate proximity of an object and/or
detect motion of an object, based on the magnitude of light
originating from the light source that is reflected from an
object and detected by the light detector. The value of these
sensors has become more important with the advent of bat-
tery-operated handheld devices, such as mobile phones. For
example, a fair amount of the energy from a mobile phone
battery 1s used to drive the display, and there 1s value in
turning oil the display or backlight when the mobile phone or
other device 1s brought to the user’s ear (where 1t cannot be
viewed anyway). Optical proximity sensors have been used
tor this, and many other applications.

For other examples, there are many other applications in
which the presence of an object can be detected with an
optical proximity sensor to advantage. These range from
sensing when protective covers have been opened on machin-
ery, paper has been positioned correctly in a printer, or an
operator’s hands are at risk near an operating machine. An
optical proximity sensor can also be used as a simple touch or
near-touch activated switch, and could be implemented in
applications like keyboards or devices that have a plastic
housing that 1s sealed but which allows the light from the
source to pass through and be sensed by the detector on the
return.

Light from the source to the detector that 1s not transmaitted
toward the target object, but rather i1s transmitted directly
from the source to the detector, reduces the capability of the
overall device to sense distance. Such light essentially propa-
gates sideways within the package and 1s considered noise or
“light leakage™, and contains no information. To reduce and
preferably prevent light leakage, an opaque light barrier 1s
typically used to 1solate the light source from the light detec-
tor. However, light barriers increase the complexity, cost and
s1ze of optical sensors. Additionally, light barriers are often
imperfect, resulting in light leaking under, over and/or
through the barrer.

Optical sensors are often used with (e.g., placed behind
and/or covered by) a cover plate that 1s glass, plastic, or some
other protective light transmissive material. For example, the
cover plate can be the glass covering a screen of a mobile
phone, portable music player or personal data assistant
(PDA), or the plastic or glass covering a screen of a laptop,
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netbook or tablet computer. When such a cover plate 1s placed
over an optical sensor, the optical sensor 1s often susceptible
to specular reflections. Specular retlections similarly reduce
the capability of the overall device to sense proximity, since
specular reflections are essentially noise that contain no infor-
mation.

In view of the above, there has been a desire to compensate
for light being transmitted directly from a light source to a
light detector, as well as specular reflections and/or other
internally reflected light. Conventional attempts to achieve
these goals typically relate to modification of the mechanical/
structural design of optical sensors.

Additionally, conventional optical proximity sensors are
not able to simultaneously detect multiple objects located at
multiple distances from the optical sensor. It would be usetul
il an optical proximity sensor included such a capability.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show an exemplary optical proximity
SENSOr.

FIG. 2 1illustrates an optical sensor 202, according to an
embodiment of the present invention, that uses echo cancel-
lation techniques to detect the proximity of one or more
objects within the sense region of the optical sensor.

FIG. 3 shows additional details of the coellicient generator
of the echo canceller shown 1n FIG. 2, according to an
embodiment of the present invention.

FIG. 4 shows additional details of the delay and multipli-
cation units of the echo canceller shown 1n FIG. 2, according
to an embodiment of the present invention.

FIG. 5 1s used to illustrate the echo canceller response for
glass and two objects at different distances.

FIGS. 6A and 6B are exemplary graphs 1illustrating prox-
imity count versus distance, which are used to 1llustrate how
embodiments of the present invention can be used to improve
the usable range and detection distance of an optical sensor.

FIG. 7 1s a high level block diagram of a system according,
to an embodiment of the present invention.

FIG. 8 1s a high level flow diagram that 1s used to summa-
rize methods according to various embodiments of the
present invention.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings that form a part hereot, and in
which 1s shown by way of illustration specific illustrative
embodiments. It 1s to be understood that other embodiments
may be utilized and that mechanical and electrical changes
may be made. The following detailed description is, there-
fore, not to be taken 1n a limiting sense. In the description that
tollows, like numerals or reference designators will be used to
refer to like parts or elements throughout. In addition, the first
digit of areference number 1dentifies the drawing 1n which the
reference number first appears.

FIG. 1A shows an exemplary optical proximity sensor 102,
which can be a proximity sensor usetul to detect the presence
ol an object, estimate proximity of an object and/or detect
motion of an object. The optical sensor 102 1ncludes a light
detector 114 (also known as a photodetector), a driver 106, a
timing controller 108, and an analog-to-digital converter
(ADC) 116. The driver 106 1s controlled by a transmit (1X)
signal output by the timing controller 108 to selectively drive
a light source 104. The light detector 114 generates an analog
signal (e.g., a current) that 1s indicative of the intensity of the

light incident on the light detector 114. The ADC converts the
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analog signal (e.g., a current) generated by the light detector
114 1nto a digital signal (e.g., an N-bit signal) that can be used
to detect the presence, proximity and/or motion of an object
122. The light source 104 can be, e.g., one or more light
emitting diode (LED) or laser diode, but 1s not limited thereto.
While infrared (IR) light sources are often employed 1n opti-
cal sensors, because the human eye cannot detect IR light, the
light source can alternatively produce light of other wave-
lengths. The light detector can be, e.g., one or more photo-
diode (PD), but 1s not limited thereto.

The driver 106 1s generally shown as including a current
source I, and a switch S, that1s selectively closed based on the
transmit (1X) signal output by the timing controller 108.
When the switch S, 1s closed, the current produced by the
current source I, 1s provided to the anode of the light source
104, to thereby selectively cause light to be transmitted. Alter-
natively, the TX signal can selectively cause a current to be
pulled through the light source 104, e.g., by coupling the
switch S, and the current source I, between the cathode of the
light source 104 and a low voltage rail (e.g., ground), to
thereby cause light to be transmitted. In such an alternative
configuration, the current source may be referred to as a
current sink.

An object within the sense region of the optical sensor and
whose proximity, presence and/or motion 1s being detected by
the sensor 102 1s represented by block 122. The sense region
refers to the region or area within which an object can be
detected by the optical sensor. An object can be outside of the
sense region, €.g., 1 the object 1s too far away from the optical
sensor; or if the object, even 1f close to the optical sensor, 1s
positioned relative to the sensor such that light emitted by the
light source 1s not reflected back to the light detector.

An opaque light barrier 110 1s shown as being located
between the light source 104 and the light detector 114, to
isolate the light source from the light detector. However, as
mentioned above, light barriers are often imperfect, resulting,
in light leaking under, over and/or through the barrier. A cover
plate 124, which protects and/or disguises the light source
104 and the light detector 114, can be part of the optical sensor
102 or can be external (e.g., adjacent) the optical sensor 102.
Such a cover plate 124, as mentioned above, may cause
specular reflections and/or other internal reflections. Internal
reflections can also result from other physical parts included
within the optical sensor 102. For the purpose of the descrip-
tion herein, the cover plate 124 1s not considered an object
within the sense region of the optical sensor, since it 1s pret-
crable that the optical sensor operates as 11 the cover plate 124
was not present. The cover plate 124 can be a piece of glass,
plastic, or other light transmissive material that, e.g., covers a
screen ol amobile phone, portable music player, PDA, laptop,
netbook or tablet computer, but 1s not limited thereto.

Still referring to FIG. 1A, light transmitted by the light
source 104, reflected by the object 122, and incident on the
photodetector 114, 1s represented by line 132. Such reflected
light of interest causes the photodetector 114 to produce a
signal (e.g., a current) that can be expressed as K1*TX, where
K1 1s indicative of a magnitude of the light reflected from the
object 122 and incident on the light detector 114, and TX 1s a
binary value of either O or 1.

In FIG. 1A, light that 1s generally not of interest (at least
with regard to detecting the proximity, presence and/or
motion of the object 122) 1s represented by dashed line 134
and can be caused by specular reflections and/or other inter-
nal retlections and/or light leaking under, over and/or through
the barrier 110. Such light that 1s generally not of interest (at
least with regard to detecting the proximity, presence and/or
motion of the object 122), shall be generally referred to as
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interference light, and causes the photodetector 114 to pro-
duce asignal (e.g., a current) that can be expressed as K2*TX,
where K2 1s indicative of a magnitude of the interference light
incident on the light detector 114, and TX 1s the binary value
of either O or 1. Such mterference light reduces the dynamic
range of the optical sensor 102, which reduces the detection
range of the optical sensor 102. Interference light, as the term
1s used herein, does not include ambient light, which may be
from sun light, halogen light, incandescent light, fluorescent
light, etc.

As can be appreciated from the above discussion, the light
detector 114 (e.g., a photodiode) produces a detection signal
(e.g., 1, . )that can be expressedas 1, ,=KI1*TX+K2*TX
(1gnoring ambient light, for the time being). As explained
above, with regard to detecting the proximity, presence and/or
motion of the object 122, K1*TX 1s indicative of the light of
interest, and K2*TX 1s indicative of the interference light. In
other words, the detection signal (e.g., I .. . ) produced by the
light detector includes both light of 1nterest as well as inter-
terence light. The detection signal (e.g., I, . ) may also
include ambient light, which may also not be of interest (at
least with regard to detecting the proximity, presence and/or
motion of the object 122). There are various different tech-
niques to reduce and preferably minimize the affects of ambi-
ent light, some of which are described herein. However, 1ni-
tially, most of the discussion below will not focus on ambient
light.

FIG. 1B 1s used to 1illustrate that additional interference
may occur where two cover plates 124aq and 124 cover the
light source and light detector. This may happen, e.g., where
one cover plate (e.g., 124a) 1s the glass surface of a smart
phone within which the optical sensor i1s installed, and the
other cover plate (e.g., 124b) 1s part of the optical sensor
package. In this example, the light detector 114 (e.g., a pho-
todiode) produces a detection signal (e.g., I ... ) that can be
expressed as 1, . =KI*TX+K2*TX+K3*TX (ignoring
ambient light, for the time being). In FIG. 1B, the additional
dashed line 136 1s representative of the specular reflections
caused by the cover plate 1245. FIG. 2, discussed below,
llustrateshow I ,,_ . can be expressed using a similar formula

where there 1s one cover plate 124 and two objects 1225 and
122¢ beyond the cover plate 124.

FIG. 2 illustrates an optical sensor 202, according to an
embodiment of the present invention, that uses echo cancel-
lation techniques to detect the proximity of one or more
objects within the sense region of the optical sensor 202. The
optical sensor 202 includes a light detector 114 (also known
as a photodetector), a driver 206, a timing controller 208, and
an analog-to-digital converter (ADC) 216. The optical sensor
202 also includes an echo canceller 260, which 1s shown as
including a coetficient generator 234 and delay and multipli-
cation units 256.

The driver 206 1s controlled by a transmit (TX) signal
output by the timing controller 208 to selectively drive the
light source 104. The light detector 114 generates an analog
signal (e.g., acurrent I ,,_ . ) that 1s indicative of the intensity
and phase of the light incident on the light detector 114. The
ADC 216 converts the analog signal (e.g., a current) gener-
ated by the light detector 114 into a digital signal (e.g., an
N-bit signal) that 1s provided to the coelficient generator 2354
of the echo canceller 260. The digital echo cancellation signal
(including digital product values 7, Z, . . . Z,,) output by the
echo canceller 260 1s converted to an analog echo cancella-
tion signal (I, _ . by a digital-to-analog converter

(DAC) 242. Exemplary additional details of the coellicient




US 8,994,926 B2

S

generator 254 are shown in FIG. 3. Exemplary additional
details of the delay and multiplication units 256 are shown 1n
FIG. 4.

Still referring to FIG. 2, at a high level, a feedback loop,
which 1ncludes the ADC 216, the echo canceller 260 and the
DAC 242, 1s used to adjust the coelficients generated by the
coellicient generator 254 (of the echo canceller 260) until an
analog echo cancellation signal 1,_, . .1s generated that
causes I .=, .-1_ ., _ ~O (or a predetermined target
other than zero), where I_ ;. can also be referred to as an echo
cancelled detection signal or1__, . ... . In other words, the
coellicients are adjusted by the {feedback loop until
Litode~Lecno cancer (Or NN L i ~1o po cameert@ predetermined
target value). Based on the coefficients (e.g., C,,C, ... C, ),
which are indicative of the time of flight (TOF) and phase of
light pulses, the proximity detector block 270 can detect the
proximity of one or more objects within the sense region of
the optical sensor 202. In other words, since these coetlicients
provide mnformation indicative of the distance travelled by the
echoes being cancelled (with the echoes being reflected light
originating from the light source 104), the distance(s) to one
or more objects can be determined based on the phase and
times of flight of detected reflected light pulses.

Where multiple objects are within the sense region of the
optical sensor, the phase of the multiple detected retlections
and the corresponding multiple times of flight can be used to
detect the presence of, distance to, and motion of multiple
objects simultaneously. Look-up-tables and/or algorithms
can be used by the proximity detector block 270 to convert the
coellicient values into distance values. Beneficially, embodi-
ments of the present mvention provide robustness to reflec-
tions from different colored and different sized objects,
because the values of the calculated times of flight are inde-
pendent of the amplitude of the reflections, as long as the
magnitudes of the reflected signals are above the system noise
floor.

In accordance with an embodiment, the TX signal 1s a
pseudo-random sequence of 1s and Os, which causes the
transmitted light pulses and retlected light to have the pseudo-
random sequence. A benefit of the TX signal and light pulses
being pseudo random 1s that the feedback loop 1s guaranteed
to converge. For each “tone” 1n the transmit power spectral
density, two coellicients or “two” objects can be detected.
This 1s because the each tone has two properties, amplitude
and phase.

The configuration of FIG. 2 can be used to produce an
analog echo cancelled detection signal (I_ , ) that converges to
zero. Alternatively, 11 the desire 1s for the analog echo can-
celled detection signal (I_,) to have some other predeter-
mined target magnitude (1.e., other than zero), a summer
(which alternatively be referred to as a subtractor in this
instance) can be included between the output of the ADC 216
and the input to the coellicient generator 254, where the
summer 1s used to subtract an offset target magnitude value
from the output of the ADC 216. This will cause the feedback
loop, which includes the ADC 216, the echo canceller 260 and
the DAC 242, to adjust the coellicients generated by the
coellicient generator 254 (of the echo canceller 260) until the
analog echo cancellation signal 1,_, . . 1s generated that
causes I =1, .-1_, _  _.~an analog equivalent of the
predetermined target magnitude.

While the DAC 242 i1s shown as being outside the echo
canceller 260 in FIG. 2, the DAC 242 can be implemented as
part of the echo canceller 260. Similarly, while the ADC 216
in FIG. 2 1s shown as being outside the echo canceller, the
ADC 216 can be implemented as part of the echo canceller

260.
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In summary, the driver 206 seclectively drives the light
source 104. The light detector 114 produces a detection signal
(I ,.....)indicative of an intensity of light detected by the light
detector 114. The light detected by the light detector 114 can
include light transmitted by the light source 104 that was
reflected off one or more object(s) within the sense region of
the optical sensor. The light detected by the light detector 114
can also include interference light, which includes light trans-
mitted by the light source 104, and detected by the light
detector 114, that was not reflected oil an object within the
sense region of the optical sensor. The echo canceller 260 1s
used to produce an echo cancellation signal (I, , .. . .) that
1s combined with the detection signal (I ,._ . ) produced by the
light detector 114 to produce an echo cancelled detection
signal (I_ ) having a predetermined target magnitude, which
can be zero, or some other value. The coelficient generator
254 of the echo canceller 260 produces echo cancellation
coellicients (C,, C, . .. C, ) that are indicative of distance(s)
to one or more objects within the sense region of the optical
sensor 202. The proximity detector 270 detects distance(s) to
the one or more objects within the sense region of the optical
sensor 202 based on the echo cancellation coellicients gen-
crated by the coelficient generator 254. Motion can be
detected by detecting changes 1n the distance(s) to the
object(s).

Referring now to FIG. 3, 1n accordance with an embodi-
ment, the coelficient generator 254 includes a delay line 302
that includes delay units 304 connected one after another in
series. The delay line 302 recerves the transmit signal (1TX),
and each delay unit 304 produces a different delayed version
of the transmit signal (TX), e.g., TX(n+1), TX(n+2) . . .
TX(n+M), where M 1s the number of delay units 304 in the
delay line 302. The coelficient generator 254 also includes
multipliers 306, each of which multiplies the digital version
of the echo cancelled detection signal (output from the ADC
216 1n FIG. 2) by etther the transmit signal (1X) or a different
one of the delayed versions of the transmit signal produced by
the delay units 304, to thereby produce a plurality of corre-
sponding products. Additionally, the coellicient generator
254 1includes accumulators 310, each of which receives a
different one of the products produced by the multipliers 306
(or a scaled version thereof, produced using a scaling factor u,
¢.g., u=0.001) and outputs a different one of the echo cancel-
lation coetlicients (C,, C, ... C,)).

Each accumulator 310 acts to de-correlate the echo can-
celled detection signal (I_,.) from a delayed version of the
transmit signal (1X). After convergence of the feedback loop,
the final values stored 1n the accumulators 310 are propor-
tional to the magnitude of the detected reflections at different
time delays, and thus, will depend on the distance(s) to,
s1ze(s) o, and color(s) of the object(s) within the sense region
of the optical sensor. Each accumulator 310 essentially cal-
culates and stores information related to the magnitude of the
reflection at a particular delay, so that the presence of a
non-zero value 1n a particular accumulator indicates a reflec-
tion detected at its associated time delay (where time delay 1s
indicative of round trip TOF). The presence of non-zero coet-
ficients 1n multiple accumulators 310 can be used to detect the
presence of, and distance to, multiple objects. Each accumu-
lator can be implemented, e.g., as a digital integrator, or
alternatively as an analog integrator, but is not limited thereto.

As just explained, the presence of a non-zero value 1n a
particular accumulator 310 indicates a reflection detected at
its associated time delay. For example, where an accumulator
calculates the integral of (Iadc*Tx(n-3)), the value 1n that
accumulator 1s mndicative of how much of Tx(n-3) 1s 1n the
analog echo cancelled detection signal (I, ). If there 1s a big
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reflection at a distance corresponding to five clock cycle
delays, the corresponding echo cancellation coetlicient (e.g.,
C.) will also be big, indicating an object at a phase of five
clock cycle delays. Each accumulator 310 acts as the integra-
tor part of a correlation function, where correlation 1s a mea-
sure of linear dependence. When the echo cancelled detection
signal (I, ) has all the echos cancelled, there should be no
correlation between the echo cancelled detection signal (I, )
signal and any delayed transmuit light pulse. When this occurs,
the feedback loop stops adapting. In the end, the echo can-
celled detection signal (I, ;) should be “white” and uncorre-
lated with any previous transmit light pulse, which means all
delayed versions of the transmit signal (TX) have been can-
celled 1n the echo cancelled detection signal (I, ).

Assuming, for example, that the echo cancellation coelli-
cients C. and C, are indicative, respectively, of objects at
distances corresponding to five and six clock cycle delays
away (in terms of round trip TOF) from the sensor, these
coellicient can also be used to i1dentity when an object 1s
between those two distances. For example, where the coetii-
cients C; and C, have equal values, this may be indicative of
an object at a distance that corresponds to five and one-half
clock cycle delays away from the sensor (1.e., the round trip
TOF 1s equal to 5.5 clock cycles). For another example, 11 the
TOF corresponds to 3.8 clock cycles, then the coetlicient at
C, corresponding to six clock cycle delays should be signifi-
cantly larger than the coeflicient C. corresponding to five
clock cycle delays. In accordance with an embodiment, a
distance detection algorithm can use a weighted average of
the coellicients to estimate a distance to the object. Continu-
ing with the previous example, where the coetlicients C. and
C, have equal values, this may alternatively be indicative of
an object at a distance corresponding to five clock cycle
delays away from the sensor, and a further object at a distance
that corresponds to six clock cycle delays away from the
sensor. If the two objects are moving 1n opposite directions or
at different speeds, an algorithm can be used to distinguish
between a single object located at a distance corresponding to
a number of clock cycle delays between the pair of coetli-
cients C and C,, and two separate objects located at two
different distances.

Additional details of the delay and multiplication units 256
of the echo canceller 260, according to an embodiment, will
now be described with reference to FIG. 4. Referring to FIG.
4, the delay and multiplication units 256 include a delay line
402, multipliers 406, and a summer 410. The delay line 402
includes delay units 404 connected one after another 1n series.
The delay line 402 receives the transmit signal (1TX), and each
delay unit 404 produces a different delayed version of the
transmit signal (1X). Since the delay lines 402 and 302 oper-
ate 1n the same manner and perform the same function, a
single delay line can be shared by the coellicient generator
254 and the delay and multiplication units 2356, rather than
having two separate delay lines. Each of the multipliers 406
multiplies a different one of the echo cancellation coeflicients
(C,, C, ...C, ) generated by the coetlicient generator 254 by
either the transmit signal (TX) or a different one of the
delayed versions of the transmit signal produced by the delay
units 404, to thereby produce a plurality of corresponding
products. The summer 410 sums the products produced by the
multipliers 406, and outputs the digital echo cancellation
signal (including digital product values Z,, Z, . . . Z,,) output
by the echo canceller 260, which 1s converted to the analog,
echo cancellation signal (I__, . _.) by the DAC 242 in FIG.
2.

To make convergence of the feedback loop faster, in cases
where the ADC 216 has a DC offset, an additional DC tap

5

10

15

20

25

30

35

40

45

50

55

60

65

8

(that does not recerve the TX(n) signal) can be added in both
FIGS. 3 and 4, where C,, (n+1)=C, (n)+u*DATA(n). Alter-
native types of DC correction are also possible, and within the
scope of the present invention.

FIG. 5 1s used to 1llustrate the echo canceller response for
glass and two objects at different distances. In this example,
the coellicients C,, C; and C, correspond, respectively, to the
glass 124, the object 12256 and the object 122¢. Each non-zero
coellicient 1dentifies an object at a distance. In this example,
the coelficient C, 1s indicative of the reflection from the object
12256 that 1s detected 3 ns after its transmission; and the
coellicient C, 1s indicative of the reflection from the object
122¢ that 1s detected 6 ns after 1ts transmission. Based on time
of tlight (TOF), this means that the object 1225 1s located 0.3
meters from the proximity sensor 202, and the object 122¢ 1s
located 0.6 meters from the proximity sensor 202, as can be
determined by the proximity detector 270. The coefficient C,
1s used to compensate for interference light, including but not
limited to the specular reflection from the glass 124.

FIG. 6A 1s an exemplary graph that 1llustrates proximity
count versus distance for the optical sensor 102 of FIG. 1A,
which does not use echo cancellation techniques to compen-
sate for interference light when detecting proximity. The
proximity count represents an output of the ADC 116. The
offset shown in FIG. 6 A adversely aflects (1.e., reduces) the
usetul range of the optical sensor. The extent of the offset 1s
dependent on the extent of the interference light. For
example, the offset would most likely be largest 1f a barrier
(e.g., 110) between the light source and light detector was not
present. FIG. 6B 1s an exemplary graph that 1llustrates prox-
imity count versus distance for an optical sensor that uses
echo cancellation techniques to compensate for interference
light (including specular reflections from the glass 124) when
detecting proximity according to embodiments of the present
invention. Notice how 1n FIG. 6B the usable range of the
optical sensor 1s 1creased, as 1s the detection distance, as
compared to FIG. 6A. In certain embodiments, rather than
completely removing the offset, as shown i FIG. 6B,
embodiments of the present invention can be used to reduce
the offset to a predetermined amount (e.g., a target offset), as
was explained above

Embodiments of the present invention can be used together
with techniques that are used to compensate for ambient light.
For example, the ADC 116 can be implemented in the manner
described with reference to FIGS. 5-6 of commonly assigned
U.S. patent application Ser. No. 12/716,220, entitled “Prox-
imity Sensors with Improved Ambient Light Rejection”, filed
Mar. 2, 2010, by Xijian Lin, which 1s incorporated herein by
reference. Additionally, or alternatively, an optical IR rejec-
tion filter can be placed over the light detector 114. Such an IR
rejection filter may be incorporated into or onto the cover
plate 124, can be below or above the cover plate 124, or can be
integrally formed as part of the light detector 114.

Optical sensors of embodiments of the present invention
can be used 1n various systems, including, but not limited to,

mobile phones, tablets, personal data assistants, laptop com-
puters, netbooks, other handheld-devices, as well as non-
handheld-devices. Reterring to the system 700 of FIG. 7, for
example, the optical sensor 202 can be used to control
whether a subsystem 706 (e.g., a touch-screen, display, back-
light, virtual scroll wheel, virtual keypad, navigation pad,
etc.) 1s enabled or disabled. For example, the optical sensor
can detect when an object, such as a person’s finger, 1s
approaching, and based on the detection either enable (or
disable) a subsystem 706. More specifically, one or more
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output of the optical sensor 202 can be provided to a com-
parator or processor 704 which can, e.g., compare the
output(s) of the optical sensor to one or more threshold, to
determine whether the object 1s within a range where the
subsystem 706 should be enabled (or disabled, depending on
what 1s desired). Multiple thresholds (e.g., stored digital val-
ues) can be used, and more than one possible response can
occur based on the detected proximity of an object. For
example, a first response can occur 1f an object 1s within a first
proximity range, and a second response can occur 1f the object
1s within a second proximity range. Exemplary responses can
include starting or stopping, or enabling or disabling, various
system and/or subsystem operations.

FIG. 8 1s a high level flow diagram that 1s used to summa-
rize methods according to various embodiments of the
present mvention. Referring to FIG. 8, at step 802, light 1s
selectively transmitted, e.g., by selectively driving a light
source (e.g., 104) using a driver (e.g., 206) and a timing
controller (e.g., 208). At step 804, a detection signal indica-
tive of an intensity of detected light 1s produced, e.g., using a
light detector 114. The detection signal can include transmiut-
ted light that was reflected off one or more objects within the
sense region of the optical sensor and was detected by the
optical sensor. Additionally, the detection light can 1nclude
interference light, which includes transmitted light that was
detected by the optical sensor, but was not retlected off an
object within the sense region of the optical sensor. As was
explained above, the interference light can include specular
reflections, other internal reflections and/or light leaking
under, over and/or through a barrier that separates a light
detector from a light source. At step 806, an echo cancellation
signal 1s produced, wherein the echo cancellation signal 1s
combined with the detection signal to produce an echo can-
celled detection signal having a predetermined target magni-
tude, which can be zero. In accordance with an embodiment,
producing the echo cancellation signal, at step 806, includes
producing echo cancellation coetficients that are indicative of
distance(s) to one or more objects within the sense region of
the optical sensor. The method can also 1include, at step 808,
detecting distance(s) to one or more objects within the sense
region of the optical sensor based on the echo cancellation
coelficients. As was described above, the echo cancellation
signal compensates for at least a portion of the interference
light detected by the optical sensor and 1s indicative of one or
more objects, if any, within the sense region of the optical
sensor. Additional details of such methods can be appreciated
from the above discussion of FIGS. 2-7.

While various embodiments of the present invention have
been described above, 1t should be understood that they have
been presented by way of example, and not limitation. It waill
be apparent to persons skilled 1n the relevant art that various
changes i form and detail can be made therein without
departing from the spirit and scope of the mnvention.

The breadth and scope of the present invention should not
be limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claims and their equivalents.

What 1s claimed 1s:

1. An optical sensor that can be used to detect the presence,
proximity and/or motion of an object within the sense region
of the optical sensor, comprising:

a driver adapted to selectively drive a light source;

a light detector adapted to produce a detection signal
indicative of an intensity of light detected by the light
detector:;

an echo canceller adapted to produce an echo cancellation
signal that 1s combined with the detection signal pro-
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duced by the light detector to produce an echo cancelled
detection signal, the echo canceller including a coelli-
cient generator that 1s adapted to produce echo cancel-
lation coellicients that are indicative of distance(s) to
one or more objects, 1f any, within the sense region of the
optical sensor; and

an analog-to-digital converter (ADC) that converts the
echo cancelled detection signal to a digital version of the
echo cancelled detection signal which 1s provided to the
coellicient generator, wherein the ADC can be part of the
echo canceller or external to the echo canceller.

2. The optical sensor of claim 1, further comprising:

a proximity detector adapted to detect distance(s) to one or
more objects within the sense region of the optical sen-
sor based on the echo cancellation coetficients generated
by the coellicient generator.

3. The optical sensor of claim 1, wherein:

the light detected by the light detector includes
light transmitted by the light source that was reflected off

one or more objects within the sense region of the
optical sensor, and

interference light, which comprises light transmitted by

the light source, and detected by the light detector,

that was not retlected off an object within the sense
region of the optical sensor; and

the echo cancellation signal compensates for at least a
portion of the interference light included 1n the light
detected by the light detector and 1s indicative of one or
more objects, 1f any, within the sense region of the opti-
cal sensor.

4. The optical sensor device of claim 3, wherein the inter-

terence light includes one or more of the following:
specular reflections;

internal reflections; or

light leaking under, over and/or through a barrier that sepa-
rates the light detector from the light source.

5. The optical sensor device of claim 3, further comprising:

a light transmissive cover plate that covers at least one of
the light detector and the light source;

wherein the interference light includes specular reflections
caused by the light transmissive cover plate.

6. The optical sensor of claim 1, further comprising:

a timing controller configured to produce a transmit signal
(ITX) that 1s used to control the driver and the echo
canceller.

7. The optical sensor of claim 6, wherein the transmait signal

(TX) comprises a pseudo-random binary sequence.

8. The optical sensor of claim 6, wherein the coeltlicient

generator comprises:

a delay line comprising a plurality of delay units connected
one after another in series, wherein the delay line
receives the transmit signal (1X), and wherein each
delay unit produces a different delayed version of the
transmit signal (TX);

a plurality of multipliers, each of which 1s configured to
multiply the digital version of the echo cancelled detec-
tion signal by either the transmit signal (TX) or a differ-
ent one of the delayed versions of the transmit signal
produced by the delay units, to thereby produce a plu-
rality of corresponding products; and

a plurality of accumulators, each of which receives a dif-
ferent one of the products produced by the plurality of
multipliers, or a scaled version thereof, and outputs a
different one of the echo cancellation coellicients (C,,
C,...Cy).

9. The optical sensor of claim 1, wherein the echo cancelled

detection signal has a predetermined target magnitude.
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10. The optical sensor of claim 9, wherein the predeter-
mined target magnitude of the echo cancelled detection signal
1S ZEro.

11. The optical sensor of claim 9, wherein the predeter-
mined target magnitude of the echo cancelled detection signal
1s a non-zero offset value.

12. An optical sensor that can be used to detect the pres-
ence, proximity and/or motion of an object within the sense
region of the optical sensor, comprising:

a driver adapted to selectively drive a light source;

a light detector adapted to produce a detection signal
indicative of an intensity of light detected by the light
detector:;

an echo canceller adapted to produce an echo cancellation
signal that 1s combined with the detection signal pro-
duced by the light detector to produce an echo cancelled
detection signal; and

a timing controller configured to produce a transmit signal
(TX) that 1s used to control the driver and the echo
canceller:;

the echo canceller including
a coellicient generator adapted to produce echo cancel-

lation coetlicients that are indicative of distance(s) to
one or more objects, 11 any, within the sense region of
the optical sensor;

a delay line comprising a plurality of delay units con-
nected one after another 1n series, wherein the delay
line recerves the transmit signal (TX), and wherein
cach delay unit produces a different delayed version
of the transmit signal (TX);

a plurality of multipliers, each of which 1s configured to
multiply a different one of the echo cancellation coet-
ficients (C,,, C, ... C,,) generated by the coefficient
generator by either the transmait signal (TX) or a dif-
ferent one of the delayed versions of the transmit
signal produced by the delay units, to thereby produce
a plurality of corresponding products; and

a summer configured to sum the plurality of products
produced by the plurality of multipliers;

wherein a sum produced by the summer 1s provided to a
digital-to-analog converter (DAC) that converts the
sum produced by the summer to the echo cancellation
signal that 1s combined with the detection signal pro-
duced by the light detector to produce the echo can-
celled detection signal, wherein the DAC can be part
of the echo canceller or external to the echo canceller.
13. A method for use with an optical sensor, comprising:
(a) producing a transmit signal (TX);
(b) selectively transmitting light using the transmit (TX)
signal;
(¢) producing a detection signal indicative of an intensity of
detected light that can include
transmitted light that was reflected off one or more
objects within the sense region of the optical sensor
and was detected by the optical sensor, and

interference light, which comprises transmitted light
that was detected by the optical sensor, but was not
reflected off an object within the sense region of the
optical sensor; and

(d) producing an echo cancellation signal that 1s combined
with the detection signal to produce an echo cancelled
detection signal, wherein the producing the echo cancel-
lation signal includes
producing a plurality of a different delayed versions of

the transmit signal (TX);

multiplying a digital version of the echo cancelled detec-
tion signal by the transmit signal (1X), and by the
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plurality of different delayed versions of the transmit
signal, to thereby produce a plurality of correspond-
ing different products; and

separately accumulating each of the different products
produced as a result of the multiplying, or scaled
versions thereot, to produce echo cancellation coetli-
cients (C,, C, ... C, ) that are indicative of distance(s)
to one or more objects within the sense region of the
optical sensor.

14. The method of claim 13, wherein the echo cancelled
detection signal has a predetermined target magnitude.

15. The method of claim 14, wherein the predetermined
target magnitude of the echo cancelled detection signal 1s
Zero.

16. The method of claim 14, wherein the predetermined
target magnitude of the echo cancelled detection signal 1s a
non-zero ofiset value.

17. The method of claim 13, further comprising:

(¢) detecting distance(s) to one or more objects within the
sense region of the optical sensor based on the echo
cancellation coelficients.

18. The method of claim 13, wherein the echo cancellation
signal compensates for at least a portion of the interference
light detected by the optical sensor and 1s indicative of one or
more objects, 1 any, within the sense region of the optical
SENSor.

19. The method of claim 13, wherein the producing the
echo cancellation signal at step (e) includes:

multiplying each of the echo cancellation coetficients (C,,
C, ... C,,) by etther the transmit signal (1X), or by a
different one of the plurality of different delayed ver-
stons of the transmit signal, to thereby produce a plural-
ity of corresponding different products;

summing the plurality of products produced as a result of
the multiplying to thereby produce a sum; and

converting the sum to an analog signal which 1s the echo
cancellation signal.

20. The method of claim 19, further comprising:

(e) detecting distance(s) to one or more objects within the
sense region of the optical sensor based on the echo
cancellation coeflicients (C,, C, ... C,)).

21. A system, comprising;:

a light source;

a driver adapted to selectively drive the light source;

a light detector adapted to produce a detection signal
indicative of an intensity of light detected by the light
detector:;

an echo canceller adapted to produce an echo cancellation
signal that 1s combined with the detection signal pro-
duced by the light detector to produce an echo cancelled
detection signal, the echo canceller including a coetfi-
cient generator adapted to produce echo cancellation
coellicients that are indicative of distance(s) to one or
more objects within the sense region of the optical sen-
SOT';

an analog-to-digital converter (ADC) that converts the
echo cancelled detection signal to a digital version of the
echo cancelled detection signal which 1s provided to the
coellicient generator, wherein the ADC can be part of the
echo canceller or external to the echo canceller; and

a proximity detector adapted to produce one or more
output(s) indicative of the presence of, and distance(s)
to, one or more objects within the sense region of the
optical sensor based on the echo cancellation coetfi-
cients generated by the coetlicient generator.
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22. The system of claim 21, further comprising:

a timing controller configured to produce a transmit signal
(TX) that 1s used to control the driver and the echo
canceller.

23. The system of claim 22, wherein the coellicient gen-

erator comprises:

a delay line comprising a plurality of delay units connected
one after another in series, wherein the delay line
receives the transmit signal (1X), and wherein each
delay unit produces a different delayed version of the
transmuit signal (1X);

a plurality of multipliers, each of which 1s configured to
multiply the digital version of the echo cancelled detec-
tion signal by etther the transmit signal (TX) or a differ-
ent one of the delayed versions of the transmit signal
produced by the delay units, to thereby produce a corre-
sponding product; and

a plurality of accumulators, each of which recerves a dif-
ferent one of the products produced by the plurality of
multipliers, or a scaled version thereol, and outputs a

different one of the echo cancellation coellicients (C,,
C, ...C

).
24. The Sysgm of claim 22, wherein the echo canceller also
COmMprises:

a delay line comprising a plurality of delay units connected
one after another in series, wherein the delay line
receives the transmit signal (1X), and wherein each
delay unit produces a different delayed version of the

transmuit signal (1X);
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a plurality of multipliers, each of which 1s configured to
multiply a different one of the echo cancellation coetti-
cients (C,, C, C,., generated by the coelficient
generator by either the transmit signal (TX) or a different
one of the delayed versions of the transmit signal pro-

duced by the delay units, to thereby produce a plurality
of corresponding products; and

a summer configured to sum the plurality of products pro-
duced by the plurality of multipliers;

wherein a sum produced by the summer 1s provided to a
digital-to-analog converter (DAC) that converts the sum
produced by the summer to the echo cancellation signal
that 1s combined with the detection signal produced by
the light detector to produce the echo cancelled detec-
tion signal, wherein the DAC can be part of the echo
canceller or external to the echo canceller.

25. The system of claim 21, wherein the echo cancelled
detection signal has a predetermined target magnitude.

26. The system of claim 21, further comprising;

a comparator or processor configured to compare the one
or more output(s) of the proximity detector to one of

more threshold(s); and

a subsystem that 1s controlled based on a result of the one
or more comparisons performed by the comparator or
Processor.
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